Swarming motility of Serratia liquefaciens MG1 requires the expression of two genetic loci, flhDC and swrI. Here we demonstrate that the products of the flhDC operon (the flagellar master regulator) and the swrI gene (the extracellular signal molecule N-butanoyl-L-homoserine lactone) are global regulators which control two separate regulons.
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Serratia liquefaciens is capable of two forms of flagellumdriven motility, swimming and swarming, depending on whether the growth medium is liquid or solid (1, 5) . As in Escherichia coli and Salmonella typhimurium, control of flagellar expression is governed by the flhDC master operon, which encodes a positive transcription factor (10) . In E. coli, this master regulatory system controls the expression of more than 40 genes that are organized in at least 15 operons (11, 12) . The flhDC operon itself is subject to control by several regulatory circuits that are responsive to changes in environmental and nutritive conditions. Transcription is regulated by OmpR and requires cyclic AMP receptor protein-cyclic AMP complex (17, 21, 22) . As a consequence, expression of the entire regulon is sensitive to fluctuations in the metabolite acetyl phosphate, medium osmolarity, and catabolite repression exerted by glucose. Furthermore, expression of flhDC is also dependent on the presence of the proteins DnaK, DnaJ, and GrpE (20) , and it has been suggested that inhibition of motility at 42°C is caused by induction of the heat shock response. In S. liquefaciens, artificial transcriptional stimulation of the flhDC operon not only promotes swarm colony formation on an agar surface but also allows initiation of swarm cell differentiation in liquid culture without the surface contact that is otherwise obligatory (1) . It was therefore suggested that the flhDC operon encodes a regulator whose concentration or activity status determines whether cells swim or swarm (1) .
Recently, workers from our laboratory identified an additional gene, swrI, which is required for swarming motility of S. liquefaciens (2) . This gene encodes a putative N-acyl-L-homoserine lactone (AHL) synthase which is involved in the synthesis of the extracellular signal molecules N-butanoyl-L-homoserine lactone (BHL) and N-hexanoyl-L-homoserine lactone (2). These two pheromones, which are produced in a molar ratio of approximately 10 to 1, accumulate in a growing culture until a certain threshold concentration (i.e., a concentration at which expression of target genes is triggered) is reached (2) . This autoinduction circuit is therefore activated only when a certain culture density has been attained. Hence, swarming motility of S. liquefaciens is dependent on an AHL-mediated signaling mechanism that is used by a number of bacteria to monitor population size (3, 4, 19) .
Except for one gene, swrA (9), the AHL-controlled genes are not known, nor are the roles of their respective gene products in the formation of a swarm colony understood. However, the requirement of fine-tuned expression of the flhDC master operon for swarming behavior led us to hypothesize that the AHL-dependent autoinduction circuit could be directly involved in the expression of flhDC. If this hypothesis is correct, then expression of the flhDC operon from an inducible promoter would be expected to overcome the need for the autoinduction circuit. Likewise, interference with the autoinduction circuit (by stimulation or destruction) should have marked effects on the expression of flagellar genes. In this study, we employed genetic approaches combined with an analysis of the pattern of protein synthesis to test our hypothesis.
Genetic analysis of swarming motility. The AHL-dependent autoinducer circuit is indispensable for expression of swarming motility on Casamino Acid-supplemented minimal AB medium (2). On this medium, swarming motility of the swrI mutant can be restored to the level of the wild-type (wt) strain by the external addition of 0.2 M BHL (2). Modulation of flhDC transcription and thus control over expression of the flagellar regulon can be achieved by introduction of the plasmid pMG600, which contains the entire flhDC operon under the control of the isopropyl-␤-D-thiogalactopyranoside (IPTG)-inducible ptac promoter (1, 5) . When pMG600 was introduced into the S. liquefaciens flhD strain MG3 (5), the addition of IPTG greatly stimulated colony expansion by means of swarming motility (2). However, if pMG600 was introduced into MG44 (which carries swrI) (2), the addition of increasing concentrations of IPTG had no effect, i.e., the colony was unable to expand on the surface (Fig. 1A) . When the medium was supplemented with BHL, swarming was restored (Fig. 1B) . MG44 is flhD ϩ flhC ϩ . In order to investigate the effect of IPTG-controlled flhDC expression from pMG600, we constructed an flhD swrI double mutant which was designated MG50. This mutant carries, in addition to the inactivating mutation in swrI, the luxAB transposon originating from pJMS10 inserted into the flhD gene (8) . The insertion into flhD was confirmed by DNA sequencing (data not shown). When pMG600 was introduced into MG50, the addition of increasing concentrations of IPTG had no effect on expansion (Fig. 1C) . However, when the medium was supplemented with BHL, the stimulatory effect of IPTG on colony expansion was restored and the rate of colony expansion was found to correlate with increasing inducer concentrations (Fig. 1D) .
The failure of swrI cultures to expand in the absence of added BHL could be caused by the abolishment of FlhDCcontrolled developmental processes leading to the formation of elongated, hyperflagellated swarm cells (1) . A more detailed examination of wt and swrI cells containing pMG600 revealed that upon addition of IPTG, cells grew with a reduced doubling time, developed extensive flagellation, and elongated to become filamentous (Fig. 2) . Cells harboring the vector pVLT33 neither elongated nor showed a reduced growth rate in the presence of IPTG (data not shown). These results indicate that swrI cells, as a result of flhDC stimulation, are able to differentiate into a filamentous, hyperflagellated form which is indistinguishable from cells isolated from the swarm of the wt cultures. The presence of externally added BHL (up to 20 M) did not reduce the growth rate, nor did it induce cell elongation or flagellation (Fig. 2) . Furthermore, we monitored the transcriptional activity of the flhDC operon by measuring the expression of bioluminescence from the flhD-luxAB fusion present in the swrI flhD double mutant MG50 (Fig. 3) . First, transcription of flhDC was growth phase dependent, which in turn accounts for the growth phase-dependent expression of phospholipase and flagella as previously reported (5); second, externally added BHL (up to 20 M) had no effect on the level of flhD-luxAB transcription. This is consistent with the data presented in Fig. 2B regarding the flagellar content of growing wt and swrI cells and in accordance with previously presented data regarding swarming wt cells and cells from a nonswarming swrI colony (6) which demonstrated that the flagellar protein content per unit of cell mass did not differ significantly between the two types of cells.
Global analysis of gene expression. For further analysis, we employed the wt strain MG1, the swrI strain MG44, the flhD strain MG3, and finally MG3 harboring pMG600 for a two dimensional (2D) polyacrylamide gel electrophoresis (PAGE) (O'Farrell gel-based) global analysis of radioactively labeled synthesized proteins. Cultures of MG3 harboring pMG600 were incubated in the presence or absence of 0.2 mM IPTG; cultures of MG44 were incubated in the presence or absence of 2 M BHL. The cultures of strains MG1, MG3, and MG44 were grown without any addition. Based on the comparison of gels obtained with MG1 (not shown), MG3, and MG3 harboring pMG600 in the absence (not shown) and presence of IPTG, the positions of FlhD-and FlhC-controlled proteins were identified ( Fig. 4A and B) . Based on the comparison of gels obtained with MG44 grown in the presence and absence of externally added BHL, the positions of BHL-controlled proteins were identified ( Fig. 4C and D) . This analysis strongly suggests that the products of the flhDC operon and the swrI gene are global regulators of gene expression. Syntheses of 62 and 28 proteins could be identified as controlled by the flhDC operon and by the BHL-dependent regulatory system, respectively. A comparison of Fig. 4B and D revealed that the positions of the FlhDC-and BHL-controlled proteins did not overlap. Furthermore, syntheses of many proteins are actually turned off in response to increased FlhD and FlhC expression. In addition to controlling flagellar expression, FlhD is involved in exoenzyme production and cell division (5, 17, 18) . flhDC overexpression may cause inhibition of cell division and therefore indirect effects on the level of gene expression. Addition of BHL also leads to switch-off of gene expression. In light of a similar analysis of the pathogenic bacterium Yersinia enterocolitica and its derivative in which the swrI-analogous yenI gene had been disrupted (23) , this may indicate that quorum-sensing systems are involved in both positive and negative control of gene expression. Interestingly, four spots in Fig. 4C and D show the presence of proteins that, in response to the addition of BHL, seem to have moved to the left in the first dimension of the 2D gels, indicating that they may have been modified rather than synthesized de novo (14) . It is tempting to speculate that protein modification could be involved in quorum sensing in S. liquefaciens, although it has not been proven.
Conclusions. Neither the genetic nor the global analysis of the regulatory systems that control swarming motility of S. liquefaciens supported the hypothesis that the autoinducer circuit is involved in the regulation of the flhDC-encoded master regulator. None of the individual FlhD-or FlhC-controlled genes was found to be affected by the addition of BHL, nor did stimulation of the flhDC operon result in increased expression of BHL-controlled genes. Instead, our studies suggest that the flhDC operon and the BHL-dependent autoinducer circuit control separate regulons. Although the resolution of the second dimension of the gels does not allow for the detection of all proteins expressed under a given condition, the result of the global analysis is entirely consistent with that of the genetic and phenotypic analysis, which also suggests that the two regulatory systems work independently of each other. A model is emerging in which cell elongation and hyperflagellation, i.e., swarm cell differentiation, is controlled by the flhDC operon while the autoinducer circuit controls the expansion of the swarm colony, i.e., facilitates the outward movement of already-differentiated swarm cells (7) . Work in progress by us demonstrates that the autoinduction circuit system controls the production of an extracellular biosurfactant which enables swarm cells to travel on top of surfaces (9) . Consistent with our recent regulatory model, production of the surfactant is flhDC independent (7, 9) . The requirement of biosurfactants for swarming motility of Serratia marcescens has been demonstrated previously (13) . Interestingly, rhamnolipid biosurfactant production in Pseudomonas aeruginosa is controlled by BHL and a protein, RhlR, that belongs to the LuxR family of transcriptional regulators, suggesting regulatory similarities (15) .
With S. liquefaciens, culture growth and expansion on top of a surface are accomplished by means of swarming motility. This trait is dispensable for cells that are maintained in liquid cultures. In nature, however, microbial activity is often associated with surfaces, and it appears that one of the most remarkable characteristics of bacteria is their ability to form structured and cooperative consortia. Formation of a swarming culture is an example of coordinated behavior that can be viewed as a primitive form of multicellularity. With S. liquefaciens, this requires the integration of diverse environmental signals involving metabolic potential (medium composition), quorum sensing, and contact with a surface. The present analysis strongly suggests that the tasks of signal integration and . Growth (open symbols) was monitored, and the optical density at 450 nm (OD450) was determined. For quantitation of bioluminescence (closed symbols), 0.1-ml samples were taken and added to 0.9 ml of fresh medium and 1 l of n-decanal, and light emission, in relative light units (RLU), was determined in a TD-20e luminometer (Turner Designs, Sunnyvale, Calif.).
interpretation of all the information from the various sensory transducing pathways require the participation of at least two key regulatory systems, the cooperative action of which is required for the formation of a swarming colony. We are grateful to Linda Stabell for excellent technical assistance.
